In eukaryotes, higher order chromatin structure governs crucial cellular processes including DNA replication, transcription and posttranscriptional gene regulation. Specific chromatin-interacting proteins play vital roles in the maintenance of chromatin structure. We have identified BEND3, a quadruple BEN domain-containing protein that is highly conserved amongst vertebrates. BEND3 colocalizes with HP1 and H3 trimethylated at K9 at heterochromatic regions in mammalian cells. Using an in vivo gene locus, we have been able to demonstrate that BEND3 associates with the locus only when it is heterochromatic and dissociates upon activation of transcription. Furthermore, tethering BEND3 inhibits transcription from the locus, indicating that BEND3 is involved in transcriptional repression through its interaction with histone deacetylases and Sall4, a transcription repressor. We further demonstrate that BEND3 is SUMOylated and that such modifications are essential for its role in transcriptional repression. Finally, overexpression of BEND3 causes premature chromatin condensation and extensive heterochromatinization, resulting in cell cycle arrest. Taken together, our data demonstrate the role of a novel heterochromatin-associated protein in transcriptional repression.
Introduction
Accurate control of gene expression is crucial for cell survival and is clearly dependent on the chromatin status (Narlikar et al., 2002) . Although gene activation is generally associated with euchromatic sites with increased histone acetylation, gene inactivation at heterochromatin is marked with methylation of histone H3 at lysine 9 and hypoacetylation of histones (for reviews, see Dillon and Festenstein, 2002; Hubner and Spector, 2010; Richards and Elgin, 2002) . The heterochromatin protein HP1 binds to histone H3 trimethylated at lysine 9 (H3me3K9) and contributes to spreading of heterochromatin, resulting in silencing of gene expression at those sites (Bannister et al., 2001; Jacobs and Khorasanizadeh, 2002; Lachner et al., 2001; Nielsen et al., 2002) . Thus, HP1 proteins are implicated in transcriptional repression by establishing specialized, higher-order chromatin structures (Eissenberg and Elgin, 2000; Kellum, 2003a; Kellum, 2003b; Kwon and Workman, 2008; Maison and Almouzni, 2004; Nielsen et al., 2001; Stewart et al., 2005) . Recent evidence has also indicated that HP1 proteins participate in transcriptional repression both in heterochromatin and euchromatin (Hediger and Gasser, 2006; Kwon and Workman, 2008) . Heterochromatic regions are typically composed of repetitive sequences present at centromeres and telomeres, are usually late replicating and transcriptionally silent (Buhler and Gasser, 2009; Fodor et al., 2010; Schoeftner and Blasco, 2009; Vermaak and Malik, 2009) . Our understanding of the molecular network that establishes heterochromatin structure and triggers transcriptional repression remains far from complete.
Transcriptional repression is mediated through several pathways (Cowell, 1994; Johnson, 1995) . One pathway involves the recruitment of chromatin regulators, including chromatin remodeling complex, that cause localized histone deacetylation that ultimately results in transcriptional repression of specific genes (Hassig et al., 1997; Kadosh and Struhl, 1998; Nan et al., 1998; Rundlett et al., 1998; Xue et al., 1998; Zhang et al., 1997) . Another pathway involves the inactivation of transcription mediated by protein-protein interactions, which prevents the assembly of RNA polymerase or general transcription factors required to establish the preinitiation complex at transcription start sites (Breiling et al., 2001; Inostroza et al., 1992; Meisterernst and Roeder, 1991; Um et al., 1995) . Furthermore, small ubiquitin-like modifier (SUMO) protein modification of transcription factors has been associated with repression (Geiss-Friedlander and Melchior, 2007; Gill, 2005; Hay, 2005; Yang and Sharrocks, 2004) . SUMOylation is a covalent post-translational modification, whereby SUMO is attached by an iso-peptide linkage to lysine(s) residue in the target protein (Bayer et al., 1998; Johnson, 2004; Mukhopadhyay and Riezman, 2007) . Recent studies have shown that SUMOylation of specific chromatinassociated factors regulates gene expression by altering chromatin architecture, which results in localized heterochromatinization and inability of the transcription machinery to interact at specific chromatin sites (Stielow et al., 2008a; Stielow et al., 2008b; Uchimura et al., 2006) .
We have identified BEND3 (originally known as KIAA1553), a protein containing four BEN domains, which are thought to be involved in chromatin function and transcription. Localization studies in mammalian cells showed that BEND3 is a heterochromatin-associated protein in which the BEN domain 4 is crucial for heterochromatin association. Tethering BEND3 to a specific gene locus results in transcriptional repression, probably by altering the chromatin structure. Furthermore, BEND3 is SUMOylated and this modification is essential for its repressive function but not for its association with chromatin. Finally, overexpression of BEND3 caused premature chromatin condensation, severe heterochromatinization and cell cycle arrest. A very recent proteomic study has demonstrated that BEND3 is a component of Sall4, a repressive NuRD transcription factor complex implicated in stem cell pluripotency (van den Berg et al., 2010) . We provide evidence that BEND3 associates with heterochromatin, interacts with histone deacetylases (HDACs) and Sall4, causes transcriptional repression and can shut down transcription at an actively transcribing genic region. We suggest that BEND3, in conjunction with the NuRD complex, mediates transcriptional repression of specific genes.
Results

BEND3 is highly conserved amongst vertebrates
In a screen to identify novel proteins that associate with heterochromatin and regulate heterochromatin maintenance, we identified BEND3, which contains four BEN domains (Fig. 1A) . The BEN domain consists of an all a-fold with four conserved helices with a characteristic signature motif LhxxlFs (l is an aliphatic residue, s is small residue, x is any residue) in helix 2 and an aliphatic residue at the start of helix 3 (Abhiman et al., 2008) . BEND3 is highly conserved only amongst vertebrates (Fig. 1B and  supplementary material Fig. S1A ). It has been suggested that the BEN domain mediates DNA-protein or protein-protein interactions and proteins containing this domain are generally involved in chromatin organization and transcription (Abhiman et al., 2008) .
BEND3 localizes to heterochromatin, which is dependent on the BEN domain 4
To determine the intracellular location of BEND3, we generated various epitope-tagged versions of BEND3, with T7 (an 11 amino acid peptide encoded in the leader sequence of T7 bacteriophage gene10), hemagglutinin (HA) or yellow fluorescent protein (YFP) at either the N-terminus or C-terminus of BEND3. YFP-BEND3 was found to be primarily nuclear with several punctate foci in mouse cells (Fig. 1C) as well as in human cells, including U2OS (supplementary material Fig. S1Ba ) and HeLa (supplementary material Fig. S1Bb ). Similar observations were made with BEND3-YFP (supplementary material Fig. S1Ca ) and T7-BEND3 (supplementary material Fig. S1Cb ) demonstrating that the protein bearing different tags on either end has similar localization. Furthermore, in mouse NIH3T3 cells, BEND3 clearly associated with HP1a-, HP1b-, HP1c-and H3me3K9-containing heterochromatic foci ( Fig. 1Ca-d) . We generated several antibodies against BEND3 but none of these detected the endogenous BEND3 by immunoblots or immunofluorescence (data not shown). These antibodies, however, could detect exogenously expressed YFP-BEND3 in cells using immunofluorescence, immunoprecipitation, and also immunoblotting ( Fig. 1Ca and supplementary material Fig. S1D,E) . YFP-BEND3 occurs in several forms, with residues S379, S489 or S503 phosphorylated (supplementary material Fig. S1E ), as has been reported for endogenous BEND3 in phospho-proteomic screens (Brill et al., 2009; Olsen et al., 2006) .
We used a quantitative real-time PCR approach in order to analyze the expression of endogenous BEND3 in both mouse and human cell lines (Fig. 1D) . Analysis of BEND3 expression in human tissues showed maximum levels of expression in spleen and least in heart (Fig. 1Da) . Interestingly, BEND3 expression was much higher in transformed or cancerous cell-lines (human U2OS, HeLa; Fig. 1Db and mouse NIH3T3; data not shown) than in primary diploid fibroblasts (WI38; Fig. 1Db ).
To determine the region of BEND3 that is essential for its localization to heterochromatin, we generated several mutants of BEND3 spanning each of the four BEN domains ( Fig. 2A) . YFPtagged mutants containing the N-terminal fragments, amino acids (aa) 1-357, 1-529 and 1-660 and the C-terminal fragments aa 390-828, 551-828 and 718-828 were transfected into mouse NIH3T3 cells and the localization of these mutants was assessed (Fig. 2B) . The mutants expressing YFP-BEND3.718-828 (Fig. 2Be) , YFP-BEND3.551-828 (Fig. 2Bf) and YFP-BEND3.390-828 (Fig. 2Bg ) localized to pericentric heterochromatic regions similar to that of wild-type BEND3 (BEND3.WT; Fig. 2Ba ) suggesting that the BEN domain 4 is vital for heterochromatin localization ( Fig. 2A,Be-g ). Although the aa 1-357 mutant (Fig. 2Bb) showed few punctate foci, the aa 1-529 and 1-660 mutants showed homogenous nuclear localization and did not associate with heterochromatic regions detected as DAPI-dense foci (Fig. 2Bc,d) . Determination of the Pearson coefficient of correlation further corroborated these observations (Fig. 2B , right side of the panel). These results indicate that BEN domain 4 is necessary and sufficient for the localization of BEND3 to heterochromatic regions.
To examine the role of BEND3 in heterochromatin organization, we have utilized a modified version of the in vivo cell system devised by David Spector's group (Janicki et al., 2004) . A 200 copy transgene array, with each array having 256 copies of the Lac operator, had been integrated into human U2OS cell as a single heterochromatic locus (U2OS-2-6-3) (Janicki et al., 2004) . mCherry-LacI (Lac repressor) and rtTa (reverse tetracyclinecontrolled transcriptional activator) were stably integrated in the 2-6-3 cells, so that the locus containing the transgene array could be readily visualized in living cells by the presence of mCherry-LacI and the heterochromatic locus could be decondensed upon transcriptional activation by the addition of doxycycline (DOX) in the medium (U2OS-2-6-3 CLTon, mCherry-LacI tetracycline activator; Fig. 3A ) (Bernard et al., 2010; Prasanth et al., 2010; Shen et al., 2010) . YFP-BEND3 localized to the heterochromatic locus in the U2OS-2-6-3 CLTon cells and showed complete colocalization with HP1b (Fig. 3Ba) , HP1a (supplementary material Fig. S2B ) and H3me3K9 (Fig. 3Bb) at the locus. Transient transfection of BEND3 mutants in U2OS 2-6-3 CLTon cells showed that only the constructs containing BEN domain 4 localize to the heterochromatic locus, similar to our observations of NIH3T3 cells (supplementary material Fig. S2A,C) .
We then examined whether association of BEND3 with chromatin is specified by the state of the chromatin structure, i.e. whether BEND3 localizes to condensed heterochromatin as well as decondensed chromatin. Significantly, changing the status of the gene locus from heterochromatin to euchromatin by activating DOX-induced transcription as is evident by the decondensation of the locus (Fig. 3Cb, red) as well as the appearance of the reporter protein cyan fluorescent protein (CFP)-SKL (serine-lysine-leucine, peroxisomal targeting signal), resulted in the release of a large fraction of YFP-BEND3 from the gene locus (Fig. 3C) . Immunoblots corroborated the increase in CFP-SKL reporter protein in DOX-treated cells (Fig. 3D) . Time-lapse imaging of cells expressing YFP-BEND3 clearly demonstrated the removal of YFP-BEND3 from the gene locus during chromatin decondensation ( Fig. 3E and supplementary material Fig. S3A , Movies 1 and 2).
BEND3 is SUMOylated at several lysine residues
Recent studies have indicated that SUMOylation modulates the association of proteins to heterochromatic regions (Reo et al., 2010; Shin et al., 2005) . Similarly, the SUMO-conjugating enzyme Ubc9/ Hus5 has been implicated in heterochromatin organization and transcriptional repression (Shiio and Eisenman, 2003) . Using the SILAC (stable isotope labeling with amino acids in cell culture) approach, a previous study compared target protein sets for SUMO1 and SUMO2 and found KIAA1553/BEND3 as a potential target (Vertegaal et al., 2006) . Using bioinformatics tools (SUMOplot algorithm) to predict potential SUMOylation sites on BEND3 we identified two sites in BEND3 with the SUMO consensus motif yKx(E/D) (where y is Val, Ile, Leu, Met or Phe, and x is any amino acid) at residues K20 and K512 (Fig. 4Aa ). These two consensus sites are highly conserved in mammals (Fig. 4Ab) .
To examine the status of SUMOylation of BEND3 and to determine the lysines that serve as SUMO1 or SUMO2/3 acceptors, we transfected YFP-BEND3 with and without HA-SUMO1 or HA-SUMO2 in human U2OS cells. The SUMOylation status was assessed by immunoblots and immunoprecipitation analysis. Extracts from cells co-transfected with YFP-BEND3 and HA-SUMO1 clearly showed higher molecular mass forms representing SUMOylated BEND3 (Fig. 4B ). Immunoblots using GFP antibody showed that YFP-BEND3 yielded an additional, slower migrating form in both SUMO1-and SUMO2-transfected cells (Fig. 4Ca ). This form of YFP-BEND3 was also detected by HA antibody indicating that YFP-BEND3 is SUMOylated by SUMO1 or SUMO2 (Fig. 4Cb, asterisk) . In addition, HA also detected other higher molecular mass forms that do not correspond to BEND3 and could represent multiple SUMOylation or SUMOylated proteins that interact with BEND3.
To determine which lysine (K) moiety is SUMOylated, we generated mutants in which K20, K512 or both sites (henceforth termed SUMO double mutant, SDM) were mutated to arginines (Fig. 4Aa) . Each of the mutants was cotransfected with HA-SUMO1 (Fig. 4D ) or HA-SUMO2 (supplementary material Fig.  S3B ) and assayed as described above. YFP-BEND3 showed two slower-migrating forms when co-transfected with HA-SUMO1 (Fig. 4Da) . Mutation of K20, abolished one of the slower-migrating forms of BEND3 completely, whereas the second form was significantly reduced after transfection with either SUMO1 (Fig. 4Da ) or SUMO2 (supplementary material Fig. S3Ba ). The mutation in K512 also resulted in only one of the slow-migrating forms, corresponding to SUMOylation at K20 residue ( Fig. 4Da and supplementary material Fig. S3Ba ). It is worth noting that in the K20 mutant, a weak, slower-migrating band of YFP-BEND3 was present, suggesting that the SUMOylation at K512 predominantly depends on initial SUMOylation at K20 ( Fig. 4Da and supplementary material Fig. S3Ba ). When both K20 and K512 were mutated simultaneously (SDM), the YFP-BEND3 mutant showed reduced mobility in SDS-PAGE and loss of slowermigrating forms of BEND3. It is also possible that SUMO3 contributes to BEND3 SUMOylation. To address this possibility, we co-transfected HA-SUMO3 and YFP-BEND3 and observed the presence of slower migrating forms of YFP-BEND3 that were abolished in the YFP-BEND3.K20R, whereas only one of the two slower migrating bands was abolished in the YFP-BEND3.K512R mutant (Fig. 4E) . The significant reduction of SUMO markers in the K20R mutant suggests that SUMOylation at K20 may be needed for efficient SUMOylation at the K512 site. Thus, SUMOylation of BEND3 probably occurs sequentially, with K20 preceding K512. Quantification of the immunoblots revealed that in YFP-BEND3.K20R mutant, SUMOylation is lost at both the sites, whereas in cells expressing the YFP-BEND3.K512R mutant, (1 mg/ml) was infused into the medium at 0.00 minutes. YFP-BEND3, which initially localized to the heterochomatic loci was gradually released upon decondensation of the gene locus. YFP-BEND3 is still seen localized to the partially heterochromatic spots remaining at the locus. Scale bars: 10 mm.
SUMOylation continues to occur at the K20 residue, with increased intensity (Fig. 4E) . Our data also suggest that there is redundancy in terms of which SUMO is accepted by BEND3 at K20. Interestingly, localization studies in cells transfected with YFP-BEND3.K20R, YFP-BEND3.K512R, YFP-BEND3.K20R;K512R (SDM) revealed that these mutants are efficiently recruited to the heterochromatin in NIH3T3 cells as well as at the CLTon heterochromatic locus (supplementary material Fig. S3C and Fig. S4A and data not shown). These data suggest that SUMOylation is not crucial for the association of BEND3 to heterochromatic regions, indicating that localization of BEND3 to heterochromatin is independent of its posttranslational modification by SUMOylation. 
BEND3 can efficiently repress transcription
Post-translational modifications, especially SUMO modification, have broad impacts on biological processes. SUMOylation of transcription factors, chromatin-modifiers and chromatin-binding proteins has frequently been linked to transcriptional repression (Gill, 2005) . To address the functional relevance of BEND3 SUMOylation and its preferential association with heterochromatic regions, we generated a triple fusion protein expressing YFP-LacI-BEND3 so that BEND3 was directly targeted to the stably integrated gene locus in 2-6-3 CLTon cells through a Lac operatorrepressor interaction. As described previously, we can activate transcription of the reporter gene at the 2-6-3 locus by addition of doxycycline, which results in decondensation of the chromatin locus, activation of transcription and finally translation of the reporter protein CFP-SKL that is targeted to the cytoplasmic peroxisomes (Janicki et al., 2004; Prasanth et al., 2010) . In cells that expressed YFP-LacI constructs, addition of DOX resulted in chromatin decondensation and transcriptional activation of a reporter gene locus (Fig. 5Aa ). These cells also showed the presence of CFP-SKL in the peroxisomes, indicating efficient translation of the DOX-induced reporter RNA. By contrast, tethering of YFP-LacI-BEND3 did not allow DOX-induced decondensation of the chromatin locus and no visible CFP-SKL protein product was produced, suggesting that tethering BEND3 to the gene locus inhibits transcriptional activation (Fig. 5Ab ). Note that a large fraction of YFP-LacI-BEND3 is predominantly localized at the locus. However, upon overexposure of the image, the punctate nuclear distribution of BEND3 becomes evident (supplementary material Fig. S4D ). Similarly, in YFP-LacI-BEND3-transfected cells treated with DOX, immunoblot analysis revealed that the CFP-SKL protein levels were reduced to 69% of the level in cells transfected with YFP-LacI alone (supplementary material Fig. S4E ). We believe that the CFP-SKL in the YFPLacI-BEND3-transfected sample, came from the CLTon cells that were not transfected with YFP-LacI-BEND3. Tethering YFPLacI-BEND3.K20R or -BEND3.K512R to the locus also did not allow activation of transcription in +DOX (DOX treated) cells (Fig. 5Ac,d) . Interestingly, targeting YFP-LacI-BEND3.SDM, in the presence of DOX partially restored chromatin decondensation, with visible levels of CFP-SKL reporter protein in the cytoplasm, suggesting that SUMOylation of BEND3 is essential for its role in repression of transcription (Fig. 5Ae) . The quantification of the open (decondensed) and closed (condensed) chromatin locus upon targeting of either YFP-LacI-BEND3 or its mutants to the locus in the absence or presence of DOX further corroborated that BEND3 prevents decondensation, whereas the double SUMO mutant of BEND3 restored the DOX-induced chromatin opening of the gene locus (Fig. 5B) .
To determine whether BEND3 can repress transcription, we fused BEND3 or the double SUMO mutant (SDM) of BEND3 to the Cterminus of the GAL4 DNA-binding domain and tested their role in transcriptional activity in human U2OS cells. GAL4-BEND3 expression constructs were transfected together with the GAL4-luciferase reporter, and 48 hours post-transfection, luciferase activity was measured and normalized. Although GAL4-BEND3 caused more than a 20-fold repression, the double mutant relieved the repression significantly (P50.027, t-test; Fig. 5C ). Results obtained from CLTon cells and from luciferase assays indicate that BEND3 can efficiently repress transcription, qualitatively and quantitatively and that its SUMOylation is crucial for its repressive ability.
BEND3 can shut down transcription
Using CLTon cells, we demonstrated that BEND3 at the gene locus represses induction of transcription. Next we wanted to determine whether targeting BEND3 to the transcriptionally active gene locus has any effect on continuous transcription. We activated transcription in the CLTon cells by addition of doxycycline. After 6 hours, the cells were transfected with YFP-LacI, YFP-LacI-BEND3 or YFP-LacI-BEND3.SDM and the decondensation at the locus and the cellular levels of CFP-SKL reporter protein were assessed 24 hours post-transfection (Fig. 6A) . In YFP-LacI-expressing control cells the locus remained decondensed with efficient CFP-SKL reporter translation (Fig. 6Ba) . However, in a large fraction of YFPLacI-BEND3-expressing cells the locus was condensed (.70%, n5285) and there were reduced levels of CFP-SKL reporter protein (Fig. 6Bb) . In the BEND3.SDM-expressing cells the chromatin was decondensed (similar to that observed for control YFP-LacI-transfected cells; Fig. 6Bc,C) and CFP-SKL protein was present. These data indicate that BEND3 can cause recondensation of a highly transcribing gene locus and efficient repression of transcription.
To determine whether the transcriptional repression induced by BEND3 is exerted through its interaction with histone deacetylases, we co-transfected HA-BEND3 with FLAG-HDAC1, 2 or 3 and carried out immunoprecipitation using HA antibody, and immunoblots with HA and FLAG antibodies. Our data showed interaction of BEND3 with HDAC2 and 3 (Fig. 6D) . Recent proteomic analysis has identified that BEND3 is a component of Sall4, a transcription repressor that also associates with the NuRD complex (van den Berg et al., 2010) . We carried out co-immunoprecipitation of BEND3 and Sall4 in cells cotransfected with HA-BEND3 and FLAG-Sall4. BEND3 and Sall4 could efficiently interact with each other (Fig. 6E) , corroborating the previously reported proteomic analysis. The interaction of BEND3 with HDAC and Sall4 suggests that the ability of BEND3 to repress transcription is exerted through its interaction with histone deacetylases as well as Sall4.
BEND3-tethered gene locus fails to recruit RNA polymerase II
To determine how BEND3 represses transcription, we examined the recruitment of various transcription factors to the gene locus in the presence of BEND3. In CFP-LacI-expressing control cells, DOX treatment resulted in the production of reporter mRNA, as observed by the accumulation of MS2BP-YFP (MS2BP-YFP binds to the bacteriophage MS2-repeat-containing reporter RNA) at the gene locus in ,76% of cells (Fig. 7Aa and supplementary  material Fig. S4Ca ). CFP-LacI-BEND3-expressing cells did not show accumulation of MS2BP-YFP at the locus, demonstrating the absence of active transcription ( Fig. 7Ab and supplementary  material Fig. S4Ca ). However, CFP-LacI-BEND3.SDMexpressing cells continued to respond to DOX and activate transcription ( Fig. 7Ac and supplementary material Fig. S4Ca) . We then examined the association of RNA polymerase using an antibody that recognizes the initiation competent form of RNA polymerase (pol) II [H14 antibody recognizes Ser5 phosphorylated CTD (C-terminal domain)] (Bregman et al., 1995) (Fig. 7B) as well as an antibody that recognizes the unphosphorylated form of RNA pol II (8WG16, supplementary material Fig. S4B ). Whereas RNA polymerase was clearly present at the gene locus in 76% of CFPLacI-expressing cells (Fig. 7Ba and supplementary material Fig. S4Cb ), only 40% of CFP-LacI-BEND3-expressing cells showed recruitment of RNA polymerase II (Fig. 7Bb and supplementary  material Fig. S4Cb) . The CFP-LacI-BEND3.SDM-expressing cells, however, efficiently recruited RNA pol II to the locus ( Fig. 7Bc and supplementary material Fig. S4Cb) . Similar results were obtained with the 8WG16 antibody, with RNA pol II associated with the CLTon locus in 61% of CFP-LacI-expressing cells, 25% of CFP-LacI-BEND3-expressing cells and 60% of CFP-LacI-BEND3.SDM-expressing cells (supplementary material Fig. S4B ). These results were further corroborated by the association of Cdk9, a component of the phosphorylated TEF-B kinase complex that phosphorylates the Ser2 of RNA pol II CTD, which is primarily the elongation-competent form of RNA pol II. Cdk9 was not enriched in the DOX-induced gene locus in ,74% of the cells expressing CFP-LacI-BEND3 (Fig. 7Cb and supplementary material Fig. S4Cc ) but continued to associate with the locus in cells expressing CFP-LacI or CFP-LacI-BEND3.SDM (Fig. 7Ca,c and supplementary material Fig. S4Cc ). These data indicate that the BEND3-tethered gene locus failed to assemble the transcription pre-initiation complex possibly by altering the chromatin structure at that site. Finally, we analyzed the recruitment of the rtTa transcription activator at the gene locus in the presence of BEND3. Interestingly, both CFP-LacI-as well as CFP-LacI-BEND3-expressing cells showed significant accumulation of YFP-rtTA at the locus (Fig. 8a,b) suggesting that BEND3 does not influence the recruitment of transcription activators to the transcription site.
Over-expression of BEND3 induces hyper heterochromatinization
Our data demonstrated that BEND3 localizes to heterochromatin and is involved in transcriptional repression. To address the functional relevance of BEND3 association with heterochromatin, we carried out BEND3 over-expression studies in mouse and human cells. Strikingly, BEND3-overexpressing cells showed premature chromatin condensation as evident by a 'worm-like' appearance of DAPI that overlapped with YFP-BEND3 in human U2OS cells (,11% of cells transfected with 500 ng YFP-BEND3 and ,32% with 1 mg YFP-BEND3; Fig. 9Ac, supplementary material Fig.  S5A ), HeLa (Fig. 9Bb) , MCF7 (data not shown) and mouse embryonic fibroblasts (Fig. 9Cb) Figure S5Bb and e) . Overexpression of YFP-C1 vector alone did not alter chromatin structure (Fig. 9Aa) indicating that overexpression of BEND3 influences chromatin structure. Note that the cells expressing lower levels of BEND3 showed punctate nuclear staining of BEND3 (Fig. 9Ab ,Ba,Ca and supplementary material Fig. S1B ). Interestingly, in generating the YFP-BEND3-expressing stable cell line, transfection of 1-5 mg (supplementary material Fig. S1D ) of YFP-BEND3 into human U2OS cells followed by drug selection resulted in complete cell death within 5 days, indicating that overexpression of BEND3 is detrimental to cell survival. Finally, the stable cell line was generated using 100 ng of YFP-BEND3 (supplementary material Fig. S5C and Fig. S1E ) suggesting that the levels of BEND3 are very carefully maintained in the cell. Furthermore, exogenous overexpression of BEND3 (.1 mg DNA) in human cells resulted in cell cycle arrest, which was determined by immunofluorescence analyses using minichromosome maintenance (MCM) and proliferating cell nuclear antigen (PCNA) antibodies (supplementary material Fig. S5D ). The wild-type BEND3-expressing cell population consisted of 46.6% MCM-positive (+)/PCNA-negative (2; G1 phase), 49% MCM+/PCNA+ (early S), 1.5% MCM2/PCNA+ (late S) and 2.9% MCM2/PCNA2 (G2) in the entire population (Prasanth et al., 2004a) . By contrast, the control cell population consisted of 46.4% MCM+/PCNA2, 30% MCM+/PCNA+, 3.6% MCM2/ PCNA+ and 20% MCM2/PCNA2. These results suggested that BEND3 overexpression halts cell cycle progression with cells arresting in early S phase (supplementary material Fig. S5D ).
Our data demonstrate that BEND3 localizes to heterochromatic regions and its overexpression causes extensive heterochromatinization in mammalian cells. Furthermore, BEND3 is SUMOylated, and this modification is crucial for its function in repressing transcription.
Discussion
In eukaryotic cells, repression of transcription is a key mode of gene regulation and is modulated by several transcriptional repressors that have been classified as passive or active (Thiel et al., 2004) . Passive repressors compete with activators for DNA binding, whereas active repressors influence chromatin organization through histone deacetylation or histone methylation and heterochromatin formation (Thiel et al., 2004) . The methylation on histone H3 at K9 serves as a binding site for the heterochromatin protein HP1 that through homo-and heteromerization results in spreading of heterochromatin status in the adjoining areas (Brasher et al., 2000; Cowieson et al., 2000; Li et al., 2002; Maison and Almouzni, 2004; Ye et al., 1997) . Thus the interplay of histone methyltransferases and HP1 is crucial in the establishment and maintenance of heterochromatic sites that ensure gene silencing at those sites.
Protein domains are independent units within a given protein that can function and exist as stable units. The presence of protein domains is often linked to specific functions; for example, basic leucine zipper domains are found in several DNA-binding proteins (Busch and Sassone-Corsi, 1990 ), cadherin repeats 
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mediate cell-cell adhesion (Hatzfeld, 1999) , zinc-finger DNAbinding domains bind DNA (Berg, 1990) , WD domains mediate protein-protein interactions (Smith, 2008) . Prediction based on secondary structure alignment has identified a novel domain BEN, an all a-fold with four conserved helices. The BEN domain appears to be lost from nematodes and urochordates, suggesting that it is an early lineage-specific advancement in animals (Abhiman et al., 2008) . BEN domain proteins have been suggested to be involved in protein-protein or protein-DNA interactions that mediate chromatin organization and/or transcription (Abhiman et al., 2008) . NAC1, a BEN domaincontaining protein has been shown to bind to HDACs (Korutla et al., 2007) , whereas SMAR1 is a transcriptional repressor by virtue of its interaction with the SIN3 complex (Rampalli et al., 2005) . We have identified BEND3, a quadruple BEN-domaincontaining protein that can efficiently repress transcription. We have also demonstrated that BEND3 associates with heterochromatin and upon overexpression causes premature chromatin condensation (PCC), extensive heterochromatinization and cell cycle arrest. This is similar to overexpression of nimA in fission yeast. Accumulation of NIMA, a protein kinase required for G2-M transition, has been shown to induce extensive chromatin condensation (Krien et al., 1998; O'Connell et al., 1994) . In a subset of microcephaly patient cells PCC has been observed and mutations in MCPH1 or condensins have been linked to such hyper-condensed DNA (Griffith et al., 2008; Wood et al., 2008) . Previous studies have demonstrated that distinct heterochromatic structures are formed upon oncogene-induced cellular senescence, which efficiently result in silencing of E2F target genes (Narita et al., 2003) . Although several factors can lead to PCC, we suggest that overexpression of BEND3 results in global repression of transcription by altering chromatin structure. The heterochromatinized sites are enriched in the polycomb protein EZH2, a member of the PRC2 complex that is known to bring about repression through a process of heterochromatinization (Cao et al., 2002; Margueron et al., 2008) .
A recent proteomic study to identify Oct4-interacting proteins in embryonic stem cells has led to the identification of several transcription factors, including Sall4, Tcfcp2l1, Esrrb and Dax1 (van den Berg et al., 2010) . Sall4, Tcfcp2l1 and Esrrb were found to associate with BEND3 and Nac1, in addition to their interaction with the NuRD and SWI-SNF complex (van den Berg et al., 2010) . Nac1, also a BEN-domain-containing protein has previously been reported to associate with HDACs (Korutla et al., 2007) . Proteomic analysis of Sall4, Tcfcp2lI and Esrrb has revealed that BEND3 and Nac1 could be part of a complex that associates with NuRD and mediates stem cell pluripotency (van den Berg et al., 2010) . The NuRD complex is known to have chromatin remodeling and deacetylase activity, which together regulate gene expression (Denslow and Wade, 2007) . It is also well established that NuRD, through its interaction with specific transcription factors, regulates the expression of specific genes. We provide evidence that BEND3 associates with Sall4 and HDACs. There is also recent evidence that Sall4 associates with the NuRD and represses transcription of genes (PTEN and SALL1) involved in embryonic stem cell leukemogenesis and kidney development (Lu et al., 2009 ). Sall4, a pluripotency gene, is present in adult tissues in the hematopoietic stem cells (HSC) as well as leukemic stem cells and plays a key role in selfrenewal of stem cells, possibly by recruiting epigenetic modulators to specific gene targets (Lu et al., 2009 ). The interaction of BEND3 with Sall4, its significant enrichment in spleen, a niche for HSC, tempts us to propose that BEND3 is an important molecule in stem cell pluripotency. Strikingly, BEND3 also associates with HDAC2, a component of the NuRD complex that represses genes involved in cell signaling pathways (Wang et al., 2009) .
SUMOylation of BEND3 is required for its ability to repress transcription. SUMO modification has previously been linked to transcriptional repression (Gill, 2005) , however, the mechanism by which SUMOylation represses transcription remain to be elucidated. It has been suggested that SUMOylated proteins are involved in recruitment of HDACs to chromatin sites, which in turn results in histone deacetylation. Recent work has also shown that SUMOylation is crucial for proper heterochromatin organization in Drosophila through the modification of SU(VAR)3-7 at K839 (Reo et al., 2010) as well as in MBD1 and MCAF1 (Uchimura et al., 2006) . Similarly, SUMO-modified Sp3 has been shown to repress transcription by promoting locusspecific heterochromatic gene silencing (Stielow et al., 2008b) . SUMO modification has also been implicated in the maintenance of heterochromatin stability in fission yeast (Shin et al., 2005) . Interestingly, the SUMO-deficient mutant of BEND3 cannot repress transcription, but continues to be associated with heterochromatin in mammalian cells, suggesting that these two events are independent. Utilizing an artificial in vivo gene locus we have demonstrated that BEND3 inhibits transcription. Similarly, BEND3 can shutdown transcription of an actively transcribing gene locus when introduced exogenously. We further provide evidence that a BEND3-tethered gene locus fails to recruit RNA pol II and associated factors. This might be similar to a group of repressors, including NC2 and Eve, that inhibit transcription by 'quenching' through interaction with activators or general transcription factors thereby inhibiting the interaction between TBP and TFIIA and TFIIB (Kamada et al., 2001; Kim et al., 2003; Li and Manley, 1998; Um et al., 1995) . Similarly, ZNF76 represses transcription through its interaction with TBP and further SUMOylation modulates this repression (Zheng and Yang, 2004) .
BEND3 is located at 6q21 in humans, a region frequently deleted in leukemias and lymphomas (Zhang et al., 2000) , and also associated with several other human malignancies including carcinomas of breast, ovary and prostate (Hyytinen et al., 2002; Morelli et al., 2002; Orphanos et al., 1995a; Orphanos et al., 1995b) . A recent study reported a possible tumor suppressor HACE1 at that locus (Zhang et al., 2007) . Interestingly, the overexpression of BEND3 causes excessive heterochromatinization and transcriptional shut-down, and therefore in the endogenous context its fine-tuned balance in the cell is crucial for the maintenance of cellular homeostasis.
Materials and Methods
Cell culture and plasmids HeLa, MCF7, U2OS and wild-type mouse embryonic fibroblast cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing high glucose, supplemented with penicillin-streptomycin and 10% fetal bovine serum (FBS). U2OS-2-6-3 CLTon cells were grown in DMEM with 10% Tet system approved FBS (Clontech). NIH3T3 cells were gown in DMEM supplemented with 10% bovine calf serum (Hyclone).
The coding region of human BEND3 was PCR amplified and cloned into pEYFP-C1 (Clontech), pEYFP-N3, pEYFP-LacI vector and pECFP-LacI vector (modified from pEGFP-LacI; kindly provided by Miroslav Dundr) (Kaiser et al., 2008) . BEND3 truncation mutants were created by PCR and inserted into pEYFP-C1 vector. NLS signal sequence was added to the C-terminal mutants. Sitedirected mutagenesis was used to make SUMO mutants in pEYFP-BEND3 or pEYFP-LacI-BEND3 as template as per the manufacturer's instructions (Stratagene). The full-length SUMO1 and SUMO2 genes were PCR amplified from cDNA and cloned into pCGN vector and HA-SUMO3 was a gift from Jie Chen (University of Illinois at Urbana-Champaign, Urbana, IL, USA). FLAGSall4 was a gift from Hitoshi Niwa and Ryuichi Nishinakamura (Niwa et al., 1991; Yuri et al., 2009 ). All clones were confirmed by sequencing.
The NCBI accession numbers for BEND3 sequences are: Homo sapiens, NP_001073919.1; Pan troglodytes, XP_527466.2; Bos taurus, XP_603724.2; Mus musculus, NP_950193.1; Canis familiaris, XP_539070.2; Gallus gallus, XP_419805.2; Danio rerio, XP_001923103.1.
qPCR analysis for BEND3
The expression level of BEND3 was quantified against a standard curve by realtime RT-PCR using the SYBR Green I fluorogenic dye in the StepOnePlus RealTime PCR System (Applied Biosystems) and data were analyzed using the StepOne system software. The primer sets for human BEND3 were: forward 59-GCAGGACTCCAGCAAACGAAAG-39, reverse 59-GCTGTTCTCACGGTTCC-GCATG-39. Using Q-Gene, a Microsoft Excel script package (Muller et al., 2002) , the qPCR values of BEND3 were first normalized against the levels of GAPDH of the same samples and then adjusted such that the samples with lowest expression of BEND3 [heart (see Fig. 1Da ) and WI38 cells (see Fig. 1Db )] had a value of 1. The data is presented as mean normalized expression.
Transfection
For transient transfection, Lipofectamine 2000 (Invitrogen) was used according to the manufacturer's protocols. For transfection in U2OS 2-6-3 CLTon cells, 100 ng CFP or YFP-LacI constructs were used. For co-transfection, 100 ng LacI constructs and 500 ng plasmid DNA of the desired proteins were used. Cells were fixed in 2% (w/v) formaldehyde, 16-24 hours post-transfection, and then DAPI stained and mounted in p-phenylenediamine (PPD). In order to induce transcription from the locus in U2OS 2-6-3 CLTon cells, 1 mg/ml DOX was added 16-24 hours post-transfection for 4 hours.
Immunofluorescence analysis
Immunofluorescence analysis was carried out as described previously (Prasanth et al., 2004b) . Briefly, cells were either fixed in 2% formaldehyde for 15 minutes at room temperature and then permeabilized in 0.5% Triton X-100 in PBS for 7 minutes on ice, or pre-extracted in CSK buffer (10 mM PIPES pH 7.0, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 ) + 0.5% Triton X-100 for 5 minutes on ice and then fixed with 2% formaldehyde. Chilled methanol was applied (for 5 minutes) afterwards if needed, according to the specific requirement for the antibodies. The 2-6-3 CLTon cells were pre-extracted in CSK buffer + 0.5% Triton X-100 for 3 minutes and fixed with 1% formaldehyde for 5 minutes. To block the cells PBS + 1% normal goat serum (NGS) was used. It was incubated with primary antibodies in a humidified chamber for 1 hour and then secondary antibody was added for 45 minutes. All washes between each step were done in PBS + 1% NGS. DNA was stained with DAPI. Cells were mounted in either PPD or Vectashield (Vector Laboratories Inc.). Cells were examined using a Zeiss Axioimager z1 fluorescence microscope (Carl Zeiss Inc.) equipped with Chroma filters (Chroma Technology). Axiovision software (Zeiss) was used to collect digital images from a Hamamatsu ORCA-cooled CCD camera. Images were also acquired using a Delta Vision optical sectioning deconvolution instrument (Applied Precision) on an Olympus microscope.
The antibodies used for immunofluorescence were: anti-MCM3 (1:400), anti-PCNA PC10 (1:150), anti-HP1a (1:100; Chemicon), anti-HP1b (1:100; Chemicon), anti-H3-Tri-MeK9 (1:300; Upstate), anti-EZH2 (1:200; BD Biosciences), anti-H3K27 (1:400; Upstate), anti-RNA POLII (H14, 1:50; 8WG16, 1:40).
Live-cell microscopy U2OS 2-6-3 CLTon cells transiently transfected with 100 ng pEYFP-BEND3 were used for live-cell imaging. 24 hours after transfection, the cells were transferred to a FCS2 live-cell chamber (Bioptechs Inc.) mounted onto the stage of a Delta Vision optical sectioning deconvolution instrument (Applied Precision) on an Olympus microscope and kept at 37˚C in L-15 medium (minus Phenol Red) containing 30% FBS. After 20 minutes 1 mg/ml DOX was infused and time-lapse images acquired with a 633 1.42 NA objective lens were captured using a Coolsnap CCD camera.
Immunoprecipitation and immunoblotting
U2OS cells were co-transfected with 500 ng YFP-BEND3 and 1 mg HA-SUMO1, HA-SUMO2 or HA-SUMO3. Cells were lysed, 24 hours post-transfection, in RIPA buffer containing 25 mM Tris (pH 8), 125 mM NaCl, 0.1% NP-40, 1 mM EDTA, with or without 25 mM N-ethylmaleimide, and protease and phosphatase inhibitors for 30 minutes. Lysate was pre-cleared with Gammabind Sepharose beads for 1 hour and incubated with appropriate antibodies overnight. The immune complex was recovered with Gammabind Sepharose beads by incubating for 1.5 hours. The beads were washed three times in RIPA buffer and 60 ml Laemmli buffer was added. The complex was heat denatured at 95˚C for 5 minutes. For immunoblots, anti-GFP (1:500; Covance), anti-HA (1:1000), anti-FLAG (M2 FLAG 1:500; Sigma) and anti-a-tubulin (1:10,000; Sigma-Aldrich) antibodies were used.
Luciferase assay
BEND3.WT and BEND3.SDM were PCR amplified and cloned into the pGAL4 vector under the SV40 promoter. Gal4-BEND3 (200 ng) or GAL4-BEND3.SDM (200 ng) co-transfected with b-galactosidase expression plasmid CMVb (100 ng) and luciferase expression plasmid (100 ng) into U2OS cells using Lipofectamine 2000 reagent. Cells were lysed 48 hours post-transfection using Bright-Glo lysis buffer (Promega) and luciferase activity was measured using a Bright-Glo luciferase assay kit (Promega). Galactosidase activity was measured using chlorophenol red-b-D-galactosidase (CPRG) as substrate and used for transfection normalization. Relative activations of the firefly luciferase are presented after normalization against the co-transfected LacZ MAD-DBD, which was used as a transcriptional repressor control. 
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